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SUMMARY 

Calculations of synchrotron radiation froth the artificial ra- 
diation belt are presented which are somBWhM more detailed than 
those made previously. The angular didfibutisn of the electrons 
and of the synchrotron radiation is conlidere& Omnidirectional 
electron fluxes given by Van Allen, FrWknk, and O'Brien and by 
Brown and Gabbe a re  used to derive difectional fluxes. Tem- 
peratures as a function of frequency atid the geomagnetic lat- 
itude at 30 Mc a re  calculated. The results are compared with 
measurements. 
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INTRODUCTION 

Recently Peterson and Hower (Refer- 
ence 1) discussed synchrotron radiatian 
from the artificial radiation belt. Theypre- 
sented calculations for sky temperatures 
that might be expected at the geomagnetic 
equator from the electron f lux  estimates 
in Reference 2. Different flux estimates 
have been reported by Brown and Gabbe 
(BG) in Reference 3 and by Van Allen, 
Frank, and O'Brien (VFO) in Reference 4. 
Synchrotron radiation calculations for the 
BG and VFO electronfluxes a re  made here: 
these calculations include the angular dis- 
tributions of the electrons and synchrotron 
radiation. A dipole geomagnetic field is 
assumed and geomagnetic latitudes ape 
used. The fission product electron spec- 
trum from Reference 5 is assumed. 

ANGULAR DISTRIBUTION OF ELECTRONS 

Figure 1 shows the electron flux maps 
due to BG and VFO. The dotted portions 
of the VFO map a re  extrapolations made 
by the author. Figure 2 shows this 
author's view of equatorial fluxes for  
BG and VFO. The marked points were 

*This report has been published in essentially the 
same form in the Journal of Geophysical Research, 
68(13):4079-4089, July 1963. The appendix of this re- 
port was not presented in the journal article. 
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Figure 3-Relative omnidirectional fluxes vs. B along a magnetic field line. The dots indi- 
cate experimental values. The lines are the assumed analytic forms used in the calculations. 

taken from BG and VFO. With these omni- 
directional fluxes the directional fluxes 
were obtained by following the procedure 
in References 6 and 7. The omnidirec- 
tional flux J along a magnetic field line 

field strength, as in Figure 3. Because ,, C& 

1 .o 

is plotted as a function of the magnetic 0.8 

of the scarcity of experimental points, 
analytic forms of J were used to f i t  the 
plotted points. Figure 3 shows a compar- 
ison between J values from Figures 1 and 
2 and Jvalues used in the calculations. 
The analytic form used for BG is pro- 
portional to ( B  - Bm,,)2 and for VFO it 
is proportional to B - B m a x ,  where B is 
the magnetic field for J andBmax is the 
field when J is small. The equatorial 
omnidirectional flux J o  and Bmax a re  then 
sufficient to determine J along afieldline. 
Equation 6 from Reference 7 has been 
used to determine the equatorial direc- 
tional flux from the omnidirectional flux, 
Liouville's theorem and the equation of 
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Figure 4-Relative shapes of directional flux curves for the BG 
and VFO flux estimates. 



motionof the electrons, s i n 2  B = (B/Bo) s i n 2  Bo, 

have been used to determine the directional 
fluxes away from the equator; B and B are the 
pitch angle and magnetic field respectively; the 
subscript zero refer8 to equatorial values. 
Figure 4 shows the equatorial directional fluxes 
os a function of pitch angle. 

The half-angles of electron angular dis- 
tributions at the equator have been plotted in  
Figure 5 for later comparison with the width of 
synchrotron radiation, The half-angle is the 
pitch angle measured from the normal to the 
field line to where the directional flux is half 
the directional flux at 90 degrees to the field. 
Figure 6 shows variations in pitch angles 
with geomagnetic latitude. 

ANGULAR DISTRIBUTION OF 
SYNCHROTRON RADIATION 

The power radiated in the nt harmonic of 
the cyclotron frequency into a unit solid angle 
at angle $ with the instantaneous orbital plane 
has been given by Schwinger (Reference 8). 
The $-dependent par t  is given by 

[J, (4 cos $)] ’, [J,‘(nP cos $) ]  + pz tan2 $- 

where J, ‘ and J, are Bessel functions andp is 
the ratio of the velocity of the electron to the 
velocity of light. The angular distribution rel- 
ative to $ = o has been evaluated. Angles at 
which the power radiated is half of the $ = 0 

values( ) a re  plotted in Figure 7 for a 
number of electron energies. The abscissa is 
n(l - p 2 ) l / 2 ,  which is equal a O v , ( 2 . 8 € 3  s i n 8 ) ,  

where v is the frequency in Me, B is the mag- 
netic field in gauss, and B is the pitch angle of 
the electron relative to B. These results show 
that the angular distribution has a rather small 
dependence on electron energy for a given value 
of v/(B sin 8 ) .  At 30 Mc for B = 0.2 gauss, a 
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Figure 5-Half-width of equatorial directtonal fluxes. 
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Figure 6-Variation of pitch angle with geomagnetic 
latitude. 
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Figure 7-Half-width of the synchrotron radiation pattern. 

value near the earth, 
degrees. For smaller values of B ,  is, of course, narrower. Thus, the angular distribution of 
the synchrotron radiation is usually narrower than that of the electron angular distribution for the 
frequencies and magnetic fields discussed in this report. 

is about 7.8 degrees. At 50 Mc for the same  value, is about 6.0 

CALCULATION OF TEMPERATURES 

The brightness along a line of sight is given by J (@/dl d~ where dP/& is the power emitted 
per unit volume along the line of sight per steradian; the integration is along the line of sight R. 
Since the synchrotron radiation pattern is usually narrower than that of the electrons, the following 
approximation has been used to find the brightness, b: 

b ( v )  = I’pcu, B s i n e )  Y d I ?  . (1) 

P(v,  B s in  e )  is the total power emitted per unit frequency at frequency u for an eleCtrOnmOVing 
toward the observer. 
tional flux of fission product decay electrons; and 

This electron has a pitch angle 6 with the magnetic field B; j (e) is the direc- 

where E is the electron energy, N(E) is the normalized electron spectrum, and P(E, v l  B s in  6) is the 
total power emitted per  unit frequency at u and B s in  6 for an electron with energy E. 

Although Equation 1 is an approximation, e r ro r s  introduced through i tsuse are small for  elec- 
tron and radiation pattern widths considered in this report, For an exact dP/& the radiation pattern 
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(slightly ctiffer nt t each angl and el tron energy) should be folded into the electron angular dis- 
tribution, and the result of this fold along the line of sight should be used. If the electron and radia- 
don distributions are assumed to be gaussian, the result of the fold will give a pattern whose width 
ier given by the square root of the Bum of the squares of the assumed gaussians. For  most distribu- 
tions considered in this report, the resulting gaussian is only a few percent broader than an appro- 
priate electron distribution gaussian. Since both the electron and radiation distributions fall off more 
r q i d l y  than appropriate gaussians, the true fold should be narrower than the result of folding the 
gauseians. In order that the effect of folded patterns that are broader than the electronpatternmight 
be assessed, calculations have been made by increasing the electron width to exceed the result of the 
fold at all points. The calculated temperatures indicate that e r ro r s  introduced through the use of 
Equation 1 are small. 

The relativistic formula for P(v, B sin e ,  E)  is (Reference 9) 

p ( v ,  B s in  8 ,  E) = C B s i n 8  .Jam K 5 , 3  (T)dT , 

where c is a constant equal to 2.34 X ergs/sec-cycle/sec, 

- v(Mc 1 a -  4 . 2 ~ ~  B sin 6 ' 

andKSla is a Bessel function. This formula gives upper litnit values. 
platted in Figure 8. Corresponding values for the nonrelativistic formula (Reference 8, formula 
III.28) are also shown in Figure 8. These results indicate that, where radiation by electrons is effi- 
cient the relativistic formula is a satisfactory 
approximation but an upper limit. 

F ( ~ )  = a j a m ~ 5 , 3  (a) da is 

1 .o 

Equation 1 with p =  1 has been used to 
evaluate eky brightness. The Rayleigh-Jeans 
approximation to the Plank radiation formula 
was used to convert brightness to tempera- v 0.1 

constant and h is the wavelength. Figure 9 

F 

F 
h 

P ture?;  b = 2kT/h2, where k is Boltzmann's 

3 shows sky temperatures at 30 Mc for the BO 
flux for an observer at 20"N geomagnetic LL 

latitude. 

4 
II 
h 

0.01 

Figure 10 shows calculated temperatures 

VFO fluxes for  an observer at the geomag- 
netic equator looking vertically. At the equa- 
tor, the temperatures that are calculated for 

as a Junction of frequency for the BG and 0.01 0.1 1 10 
V 

4.2 Y B sin B 
a -  

Figure 8-Comparison between relativistic and nonrela- 
t ivistic synchrotron radiation -power formulas. 
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Figure 9-Sky brightness map due to the artificial radi- 
ation belt. Sky temperatures are at 30 M c  for 20" N 
geomagnetic latitude and BG flux. The solid lines are 
isophots. 
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Figure 10-Comparison between calculated and obser- 
ved sky temperatures at the geomagnetic equator. 

a narrow beam antenna and a cosz z antenna a re  very nearly the same (z is the zenith 
angle). 

Despite the time difference for the two flux estimates (VFO at 6 hr and BG at  2 wk after the 
detonation) the results are nearly the same. The VFO values tend to be higher than BG at higher 
frequencies. This is to be expected since VFO fluxes a r e  higher at lower altitudes and higher fre- 
quencies show a greater decrease in radiation with altitude (Reference 1). 

The experimental points in Figure 10 a r e  taken from measurements by Ochs, Farley, et al. 
(Reference 10). The pre-explosion 
background which they used, obtained from a sky survey, was 5200°K at 50 Mc at 0600 local 
time. The 30 Mc background temperature of 15,000"K at this time was obtained from their ratio 
of 30 to 50 Mc temperatures before the explosion. Temperatures have also been calculated at 30 and 
50 Mc for an estimated flux for VFO at 2 weeks after the detonation. The BG equatorial flux was 
used for  L = 1.16 to 1.28; the VFO flux was used for L = 1.28 to 2.3. The BG angular distribu- 
tion has been used. Temperatures for this flux estimate a r e  labeled 2W-VFO in Figure 10. 

Adjacent to the points a r e  the times after the explosion. 

The calculated changes in temperatures with geomagnetic latitude at 30 Mc, for observers 
looking vertically, with cos2 Z antennas, are plotted in Figures 11 and 12 for the BG and VFO flux 
estimates. The experimental measurements from Dyce and Horowitz (Reference 11) a re  tempera- 
tures normalized to the diurnal minimum before the explosion for what is approximately a cosz Z 
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Figure 11-The dashed curve shows predicted sky tem- 
peratures for vertically directed antennas with a cos2 2 
pattern for the BG flux estimates at +2 wk and different 
geomagnetic latitudes. The solid curve i s  the experi- 
mental curve from Reference 11; this curve has been re- 
normalized and a decay has been included. 

GEOMAGNETIC LATITUDE A (degrees) 

Figure 12-The dashed curve shows predicted sky tem- 
peraturesat +6hr for vertically directed antennas with a 
c o s 2  Zpattern for the VFO flux estimate at different 
geomagnetic latitudes. The solid curve i s  the renormal- 
i red experimental curve from Reference 1 1 .  

antenna. Dyce and Horowitz used lo4 OK for this minimum temperature. This seems rather low for 
their antennas since interpolation of the Turtle, Pugh, et al. results at 26.3 and 38 Mc gives a minimum 
temperature of l o 4  OK at 30 Mc for an antenna with a 15 degree right ascension by 44 degree dec- 
lination antenna (Reference 12). Estimates for a cosz Z antenna, using the absolute temperature 
maps due to Turtle, Pugh, et al. (Reference 12) and Steiger and Warwick (Reference 13), indicate 
that the normalization temperature at 30 Mc for the diurnal minimum was probably near 1.5 X 10 "K. 
The latitude distribution plotted in Figures 11 and 12 uses this estimated normalization temperature. 
For the BG comparison a [1 f ( t/to ) ] 
though +2 wk measurements at the geomagnetic equator a r e  in agreement with calculated temperatures 
(see Figure 10). 

decay with t = 60 days has been used at all latitudes, al- 

DISCUSSION 

Calculated equatorial temperatures seem to indicate that the VFO flux may be inadequate to ex- 
The BG flux appears to give satisfactory agreement with plain measured temperatures at +6 hr. 

observations at +2 wk. 
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temperature deviations from observations at higher latitudes. Whether the BG flux estimate is in 
agreement with observations depends on measurements of absolute temperatures for the antennas 
used and on measurements at +2 wk. 

The largest difference between the two flux estimates is for L > 1.28. If a fission spectrum is 
assumed for the difference between the two flux estimates (L > 1.28), the calculated equatorial tem- 
perature for this difference flux at 50 Mc is 941°K. The BG angular distribution was used in this 
calculation which is for a narrow beam antenna pointed vertically. This temperature may be com- 
pared with the minimum detectable temperature of about 40°K at 50 Mc (Reference 10) obtained 
with polarization techniques. Ochs, Farley, et al. attempted to observe synchrotron radiation from 
the natural radiation belt immediately prior to the detonation, but detected no positive signal (Ref- 
erence 10). From this it may be inferred that if the difference between the two flux estimates was 
natural but had a spectrum similar to that of fission product decay electrons, then it should have 
been detectable. Electrons with energy less  than 2 Mev do not contribute appreciably to 50 Mc radi- 
ation for this difference flux. 

Brown and Gabbe were unable to distinguish any spectral difference between regions where the 
fission spectrum was highly probable and the difference-flux regions (Reference 3). However, their 
detector was not sensitive enough to distinguish between spectra where the portions greater than 
2 Mev may be very different. 

Van Allen, Frank, and O'Brien found from their Injun I (1961 o 2) data th&t the artificial belt I 
spectrum is considerably harder than the natural one at L = 4 but whether this hardeningextends to 
equatorial regions in the same way is not known. Explorer XI1 (1961 ul) traversed a region of the 
artificial belt and had a detector sensitive to electrons with energy greater than 1.6 MeV, but detailed 
studies of its data have not been published. Perhaps the Explorer XII results, spectral and decay 
studies from ExplorersXIV (1962 py1)and XV (1962 p h l ) ,  and TelstarI  (1962 u el) results, in con- 
junction with the negative polarization results of synchrotron radiation prior to the explosion, will 
shed light on what fraction of the BG observations was natural. 

Angular distributions of electrons have been used that a r e  consistent with published omnidirec- 
tional flux maps of BG and VFO. The angular distribution of synchrotron radiation has been found 
to be considerably narrower than that of the electrons for most situations. The fold of the synchro- 
tron radiation pattern onto the electron angular distribution should have a shape slightly wider than 
that of the electrons. 

Since the electron distribution has been used to represent the result of the folded radiation and 
electron distribution, calculations have been made with electron distributions broader than the result 
of the fold at all locations. The deviations due to this broadening were found to be small. 

Although the relativistic radiation formula tends to give upper limit results, evaluation of the non- 
relativistic formula shows that the relativistic approximation is quite adequate even at frequencies 



lower than those considered here. For the assumed magnetic fields, electron spectrum, and fluxes, 
these calculations have been estimated to have an uncertainty of about 10 percent. 

The VFO flux estimate has been found inadequate to explain the observed temperature at the equa- 
tor and at higher latitudes. The adequacy of the BG estimate will depend on absolute calibration of 
antennas and on later results, although present estimates of absolute temperatures for the antennas 
indicate g60d agreement between measured and calculated temperatures. Calculated temperatures 
for the duference between the BG and VFO fluxes for L > 1.28 set  limits on electl'on spectra in the 
natural radiation belt prior to the explosion. This result, in conjunction with satellite measurements, 
may determine what fraction of the BG flux estimate was natural. 

Appendix A contains calculations on the synchrotron radiation which might be expected at 
lower frequencies. 

I gratefully acknowledge the work of Tom Michels who made the calculations involving Bessel 
functions, and Robert Baxter who set  up the code for the detailed temperature calculation. 
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Agpendix A 

Synchrotron Radiation at  Low Frequencies 

Since there is some interest in the ambunt of synchrotron radiation produced by the artifi- 
The proce- cial radiation belt at lower frequencies, calculations have been extended to 1 Mc. 

dure already given has been followed except for  two changes. 
into account the wider resultant of the fold of 
the radiation pattern onto the electron distri- 
bution. This was done by artificially broad- 
ening the electron distribution to a width that 
was comparable with that of the folded electron 
and radiation distribution. This is not entirely 
satisfactory. However, the final results were 
not sensitive to variations in broadening near 
the appropriate final width. The second change 
was a correction to the results, necessary 
because of the use of the relativistic formula 
for  the total power. In making this correc- 
tion, the contribution of energy intervals in 
the electron spectrum to the total power was 
evaluated (see the equation after Equation 1). 
Then Figure 2 was used in finding the factor 
for  reducing the contribution of the energy in- 
tervals. Figure A1 shows predicted tempera- 
tures for anequatorial observer with a cos2 Z 

antenna for the BG flux estimate (July 23, 
1962). Ionosphere absorption h a  s been 
neglected. 

The first change was to take 

Both synchrotron radiation and satellite 
measurements show considerable decay in the 
artificial radiation belt; At 30 Mc at the geo- 
magnetic equator the decay appears to follow a 

FREQUENCY Y (Mc) 
Figure A1 -Temperature vs. frequency far an observer at 

the geomagnetic equator with a c o s 2 Z  antenna. 
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(1 + t i to)- '  law with t o  = 60 days.* 
the energetic electrons which give synchrotron radiation at  30 Mc also produce an appreciable frac- 
tion of the lower frequency radiation. 
fission product electrons with less  than 0.5 Mev energy. Estimates using this decay law are also 
shown in Figure A1 (July 9, 1963, and July 9, 1964). 

At lower frequencies the decay should be comparable since 

Less  than 17 percent of the 1 Mc radiation is produced by 

I- -I 
I 1 I I 1  1 1 1 1  I 1 A , 1 1 1 1  

10 102 I /03 
AUG 1, 1962 SEPT 20, 1962 JULY 9, 1963 JULY 9, 1964 

TIME AFTER DETONATION t (days) 

Figure A2-Temperature vs. time a t  52"N geomagnetic latitude, L = 1.27, and v = 1 Mc. 

A rocket was flown to measure low frequency galactic radio noise. Its coordinates at apogee 
were approximately 1.27 earth radii from the center of an assumed dipole and 52"N geomagnetic 
latitude. Calculations have been made at 1 Mc for this apogee location (Figure A2). Since the rocket 
was spinning, a 4 7 steradian antenna and a perfectly reflecting ionosphere were assumed. 

'Ochs, G. R , ,  Farley, D. T., Jr., et al .  "Observations of Synchrotron Radio Noise at the Magnetic Equator Following the High-Altitude 
Nuclear Explosion of July 9, 1962," 1. Geophys .  R e s .  68(3):701-711, February 1963. 
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